Diamond Heat Spreading and Cooling Technique for Integrated Circuits 



This application is a divisional of U.S. Patent Application Serial No. 
09/828,617, filed April 6, 2001, which is incorporated herein by reference. 

Technical Field of the Invention 

The present invention relates generally to the field of electronic devices and, 
in particular, the present invention relates to thermal management of electronic 
devices. 

Background 

Integrated circuits (IC's) are typically assembled into packages by physically 
and electrically coupling them to a substrate made of organic or ceramic material. 
One or more IC packages can be physically and electrically coupled to a printed 
circuit board (PCB) to form an "electronic assembly". The "electronic assembly" 
can be part of an "electronic system". An '^electronic system" is broadly defined 
herein as any product comprising an "electronic assembly". Examples of electronic 
systems include computers (e.g., desktop, laptop, hand-held, server, etc.), wireless 
communications devices (e.g., cellular phones, cordless phones, pagers, etc.), 
computer-related peripherals (e.g., printers, scanners, monitors, etc.), entertainment 
devices (e.g., televisions, radios, stereos, tape and compact disc players, video 
cassette recorders, MP3 (Motion Picture Experts Group, Audio Layer 3) players, 
etc.), and the like. 

In the field of electronic systems there is an incessant competitive pressure 

among manufacturers to drive the performance of their equipment up while driving 

down production costs. This is particularly true regarding forming electronic 

devices such as transistors in IC's, where each new generation of IC must provide 

increased performance, particularly in terms of an increased number of devices and 

higher clock frequencies, while generally being smaller or more compact in size. 

As the density and clock frequency of IC's increase, they accordingly generate a 
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greater amount of heat. However, the performance and rehability of IC's are known 
to diminish as the temperature to which they are subjected increases, so it becomes 
increasingly important to adequately dissipate heat from IC environments. 

An IC is fabricated on a substrate that may comprise a number of metal 
layers selectively pattemed to provide metal interconnect lines (referred to herein as 
"traces"), and one or more electronic devices attached in or on one or more surfaces 
of the substrate. The electronic device or devices are functionally connected to 
other elements of an electronic system through a hierarchy of electrically conductive 
paths that include the substrate traces. The substrate traces typically carry signals 
that are transmitted between the electronic devices, such as transistors, of the IC. 
Some IC's have a relatively large number of input/output (I/O) terminals (also 
called "lands"), as well as a large number of power and ground terminals or lands, 

As the intemal circuitry of IC's, such as processors, operates at higher and 
higher clock frequencies, and as IC's operate at higher and higher power levels, the 
amount of heat generated by such IC's can increase their operating temperature to 
unacceptable levels. Thermal management of IC's refers to the ability to keep 
temperature-sensitive elements in an IC within a prescribed operating temperature. 
Thermal management has evolved to address the increased temperatures created 
within such electronic devices as a result of increased processing speed/power of the 
electronic devices. 

With the advent of high performance processors, electronic devices have 
required more innovative thermal management. For example, in the last several 
years processing speeds of computer systems have climbed from 25 MHZ to over 
1000 MHZ. Each of these increases in processing speed and power generally carry 
with it a "cost" of increased heat that must be dissipated. Corresponding 
improvements in thermal management such as improved heat sinks or heat pipes 
have accompanied such technological improvements. Further improvements in 
thermal management are needed to keep pace with ever increasing processor speeds 
and the desire to reduce manufacturing costs. 
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Brief Description of the Drawings 

Figure 1 is a block diagram of an electronic system incorporating at least one 
electronic assembly with a high capacity thermal interface in accordance with one 
embodiment of the invention. 

Figure 2 illustrates a cross-sectional representation of a prior art IC package. 

Figure 3a is a cross-sectional representation of a first embodiment of an IC 
package according to the invention. 

Figure 3b is a cross-sectional representation of a second embodiment of an 
IC package according to the invention. 

Figure 3c is a cross-sectional representation of a third embodiment of an IC 
package according to the invention. 

Figure 4 is a magnified view of the first embodiment in Figure 3a. 

Figure 5 is a perspective view of a die according to the invention 

Figure 6 is a diagram of a diamond crystal structure unit cell. 

Figure 7a is an experimental data thermal map of a prior art semiconductor 

chip. 

Figure 7b is an experimental data thermal map of a semiconductor chip 
according to the invention. 

Detailed Description 

In the following detailed description of the invention reference is made to 
the accompanying drawings which form a part hereof, and in which are shown, by 
way of illustration, specific embodiments in which the invention may be practiced. 
In the drawings, like numerals describe substantially similar components throughout 
the several views. These embodiments are described in sufficient detail to enable 
those skilled in the art to practice the invention. Other embodiments may be 
utilized, and structural, logical, and electrical changes may be made, without 
departing fi-om the scope of the present invention. The following detailed 
description is, therefore, not to be taken in a limiting sense, and the scope of the 
present invention is defined only by the appended claims. 
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The term "active side" as used in this description is defined as the 
conventional horizontal, large plane or surface of a chip or die where electrical 
devices have typically been fabricated, regardless of the orientation of the chip or 
die. The term "back side" as used in this description is defined as a conventional 
horizontal, large plane or surface of a chip or die that does not contain any active 
devices on it's surface. The term "vertical" refers to a direction perpendicular to the 
horizontal as defined above. Prepositions, such as "on", "higher", "lower", "above" 
and "below" are defined with respect to the conventional plane or surface being on 
the active side of the chip or die, regardless of the orientation of the chip or die. 

The present invention provides a solution to thermal dissipation problems 
that are associated with prior art integrated circuits that have high circuit density and 
that operate at high clock speeds and high power levels, by employing a high 
capacity thermal material as a heat spreading layer that is integral with the 
integrated circuit die. Various embodiments are illustrated and described herein. 

FIG. 1 is a block diagram of an electronic system 1 incorporating at least one 
electronic assembly 4 with a high capacity heat spreading layer in accordance with 
one embodiment of the invention. Electronic system 1 is merely one example of an 
electronic system in which the present invention can be used. In this example, 
electronic system 1 comprises a data processing system that includes a system bus 2 
to couple the various components of the system. System bus 2 provides 
communications links among the various components of the electronic system 1 and 
can be implemented as a single bus, as a combination of busses, or in any other 
suitable manner. 

Electronic assembly 4 is coupled to system bus 2. Electronic assembly 4 can 

include any circuit or combination of circuits. In one embodiment, electronic 

assembly 4 includes a processor 6 which can be of any type. As used herein, 

"processor" means any type of computational circuit, such as but not limited to a 

microprocessor, a microcontroller, a complex instruction set computing (CISC) 

microprocessor, a reduced instruction set computing (RISC) microprocessor, a very 

long instruction word (VLIW) microprocessor, a graphics processor, a digital signal 

processor (DSP), or any other type of processor or processing circuit. 
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Other types of circuits that can be included in electronic assembly 4 are a 
custom circuit, an application-specific integrated circuit (ASIC), or the like, such as, 
for example, one or more circuits (such as a communications circuit 7) for use in 
wireless devices like cellular telephones, pagers, portable computers, two-way 
radios, and similar electronic systems. The IC can perform any other type of 
function. 

Electronic system 1 can also include an external memory 10, which in tum 
can include one or more memory elements suitable to the particular application, 
such as a main memory 12 in the form of random access memory (RAM), one or 
more hard drives 14, and/or one or more drives that handle removable media 16 
such as floppy diskettes, compact disks (CDS), digital video disk (DVD), and the 
like. 

Electronic system 1 can also include a display device 8, one or more 
speakers 9, and a keyboard and/or controller 20, which can include a mouse, 
trackball, game controller, voice-recognition device, or any other device that 
permits a system user to input information into and receive information firom the 
electronic system L 

FIG. 2 illustrates a cross-sectional representation of a conunon configuration 
IC package 30. IC package 30 represents a typical structure that includes an IC die 
40 mounted in "flip-chip" orientation with its active side facing downward to couple 
with lands 52 on the upper surface of a board 50 through solder balls or bumps 42. 
Board 50 can be a one-layer board or a multi-layer board, and it can include 
additional lands 54 on its opposite surface for mating with additional packaging 
structure (not shown). 

Die 40 generates its heat fi-om internal structure, including wiring traces, that 

is located near its active side; however, a significant portion of the heat is dissipated 

through its back side. Heat that is concentrated within die 40 is dissipated to a large 

surface that is in contact with die 40 in the form of an external heat spreader 60 that 

is typically formed of metal such as copper or aluminum. To improve the thermal 

conductivity between die 40 and the external heat spreader 60, a thermal interface 

material 70 is often provided between die 40 and external heat spreader 60. The 
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thermal interface material 70 may include a thermal gel or grease containing metal 
particles, or in another embodiment, it may include solder. 

To further dissipate heat from external heat spreader 60, a heat sink 80 
optionally having heat fins 82 is often coupled to external heat spreader 60. Heat 
sink 80 dissipates heat into the ambient environment. 

An increase in the transistor junction temperature Tj of an electronic device 
on the IC can adversely affect the operating lives of the device. Transistor junction 
temperature is a function of three factors: junction-to-ambient thermal resistance, 
power dissipation, and ambient temperature. Tj can be expressed by Equation 1 : 

(Equation 1) Tj = x Pd) + Ta 

wherein Tj = transistor junction temperature (in degrees C); 

_ja = the junction-to-ambient thermal resistance (in degrees C / 

watt); 

Pd = power dissipation at Tj (in watts); and 
Ta = ambient temperature (in degrees C). 

The junction-to-ambient thermal resistance _ja can be represented by 
Equation 2: 

(Equation 2) _ja - _jc + _cs + -sa 

wherein _jc = the junction-to-package case thermal resistance (in degrees C / 

watt); 

_cs the case-to-sink thermal resistance (in degrees C / watt); and 
_sa = the sink-to-ambient thermal resistance (in degrees C / watt); 
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In the foregoing definitions, the pertinent location of the case is the top 
center of the IC package. The pertinent location of the sink can be the geometric 
center of the heat sink. 

The IC package 30 of FIG. 2 limits the capability of meeting the thermal- 
dissipating requirements of today's high performance electronic assemblies, as 
expressed in terms of the junction-to-ambient thermal resistance j^. 

The present invention reduces the transistor junction temperature Tj by 
reducing the effective junction-to-package case thermal resistance _jc. As shown in 
Figure 7a, processor assembUes have a very non-uniform power map or heat flux 
variation across the surfaces of the die. It is the temperature of the highest flux 
area(s) that typically must be maintained at or below a specified value. While the 
siUcon die provides some lateral heat spreading, it is insufficient to appreciably 
reduce the peak temperature(s). 

If existing thermal dissipation structure is incapable of dissipating sufficient 
heat to maintain the die peak temperature below a specified value, the performance 
of the electronic assembly must be throttled back by reverting to a temperature- 
dependent processor power control process. Otherwise, the electronic assembly 
could malfimction or experience a catastrophic failure. Thus, with increased heat 
dissipation requirements for electronic assemblies, it has become necessary to look 
towards new techniques and materials for thermal management. 

Figures 3a - 3c show the addition of a heat spreading layer 100 formed on or 
within the die 40 according to the invention. The heat spreading layer is formed as 
an integral part of the die 40. Integrally forming the heat spreading layer entails 
forming the layer during the chip fabrication process. The layer effectively 
becomes a part of the die 40. Using this method, a thin film such as the 0.05mm 
heat spreading layer 100 can be added to the die, and the die provides support for 
the film. If a film were added separately, instead of integral formation, it would be 
extremely fi-agile and impractical to manufacture separately. Additionally, 
integrally forming the heat spreading layer 100 has the advantage of a high surface 
contact area. Any surface features of the die are easily covered during the forming 
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process and covering all surface areas of such features increases the speed and 
effectiveness of heat conduction into the heat spreading layer. Locating the heat 
spreading layer within the die, for example, beneath electrical devices such as 
transistors is also easily accomplished by integrally forming the heat spreading 
layer. 

In Figure 3a, the heat spreading layer 100 is formed on an active side of a 
semiconductor portion 1 10 of the die 40. In Figure 3b, the heat spreading layer is 
formed on the back side of the semiconductor portion 1 10. In Figure 3c, the heat 
spreading layer 100 is formed as an intermediate step in the formation of the die 40. 
In Figure 3c, the heat spreading layer 100 divides the die 40 into a first 
semiconducting layer 1 12, and a second semiconducting layer 1 14. While the exact 
location of the heat spreading layer 100 within the die 40 is not critical, the heat 
spreading layer must be thermally connected to the areas of the semiconductor 
portion 1 10 that will generate the most heat. Positioning the heat spreading layer 
directly on the active side of the die 40 will be effective because electronic devices 
on the active side will be in direct contact with the heat spreading layer 100. It 
would also be possible to have intermediate structures or layers between the 
semiconductor portion 110 and the heat spreading layer 100, provided the 
intermediate structures were thermally conducting. 

The heat spreading layer 100, in one embodiment as shown in Figures 3a - 
3c is directly deposited on or within the die 40. There are no additional layers 
between the heat spreading layer 100 and the semiconductor portion 110. This 
configuration reduces the number of interfaces that heat must conduct through along 
it's path to ambient. Frequently, additional interfaces between materials will slow 
down conduction of heat. If additional layers were used between the heat spreading 
layer 100 and the semiconductor portion 1 10, additional processing steps would also 
be required, which would increase manufacturing process time. 

As shown in Figures 3a - 3c, the die 40 with the heat spreading layer 100 of 

the invention, may be coupled to a Thermal Interface Material (TIM) 70, an external 

heat spreader 60, and a heat sink 80. The addition of the integral heat spreading 

layer serves to conduct heat away from local hot spots on the die 40 and distribute 
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the heat across the die 40. In this manner, the heat may be conducted via a larger 
horizontal cross sectional area through the die 40 to the TIM 70, and eventually out 
to ambient. 

Figure 4 shows a magnified view of the die 40 and the heat spreading layer 
100 from Figure 3a. The semiconductor layer 1 10 may make up a bulk substrate of 
the die 40, or it may only be a layer on top of another substrate 120 such as glass. 
Electrical devices 150 are formed on the semiconductor layer 110. It is understood 
that in context, formed "on" the semiconductor layer could mean on top of, within 
the semiconductor layer, or partially within the semiconductor layer. It is also 
understood that although not shown in the figures, the electrical devices are 
electrically connected to each other by elements such as metal traces. Some 
examples of electrical devices formed in an integrated circuit die include but are not 
limited to transistors, diodes, and capacitors. Combinations of devices can be used 
to form higher level circuits. Computationally intensive logic circuits are of 
particular interest due to their large heat generation. Floating Point Unit (FPU) 
circuits or Integer units can generate large amounts of heat, as well as other heat 
generating circuits of varying complexity. 

The heat spreading layer 100 is formed to a thickness 102 over the 
semiconductor layer 1 10, and over the electrical devices 150. An electrical 
connection 160 may be provided to transmit electrical signals from the electrical 
devices 150 to the outside of the die 40 through the heat spreading layer 100. 
Although several thicknesses 102 of the heat spreading layer 100 are possible, a 
thickness of 0.05mm or less is practical, in order to accommodate the height of a 
typical electrical connection 160. If the layer 100 is formed thinner than 0.05mm, a 
tradeoffs in heat spreading is a reduced vertical cross section of material in the layer 
100 to conduct the heat with. An additional consideration in choosing the thickness 
of the layer 100 is the process time necessary to form the layer 100. A thicker layer 
takes longer to form, and may become a process time limiting step. For this reason, 
it is advantageous to form a thin layer 100 using less process time. 

Figure 5 shows a die 40 with its active side up, with a heat spreading layer 

100 covering a portion of the die surface. The heat spreading layer may cover the 
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entire surface of the die 40 in one embodiment. In another embodiment, the heat 
spreading layer may cover only a select portion of the surface of the die 40 as show 
in Figure 5. 

The material selected for the heat spreading layer in the invention must 
exhibit a thermal conductivity that is greater than that of the semiconductor used in 
the die. A metal such as copper could be used with silicon as a semiconductor, 
because copper has a thermal conductivity around 3 times greater than silicon. In 
one embodiment of the invention, the heat spreading layer contains carbon. One 
type of carbon layer that is well suited to performing as a heat spreading layer is 
diamond. Diamond has a thermal conductivity around 20 times greater than sihcon, 
and around 6 times greater than copper. Diamond is also useful because it is readily 
formed through processes such as chemical vapor deposition (CVD). Although 
CVD is a process that is easily incorporated into the die manufacturing process line, 
other deposition or attachment processes could be used and still be within the scope 
of the invention. Other possible carbon layer configurations could include carbon 
13, or variations of Buckminster fullerenes such as nanotubes. 

The heat spreading layer 100 may be formed at any of several periods during 
the manufacturing process of the IC. One possible time for formation of the heat 
spreading layer would be before any electronic devices, such as transistors, were 
formed. Forming the heat spreading layer 100 first would allow a high temperature 
forming process for the heat spreading layer, without affecting any electronic 
devices, which may be affected by a high temperature process. 

Figure 6 illustrates a diamond crystal structure unit cell 200. The unit cell 

200 is a face centered cubic (FCC) structure made up of all carbon atoms 210. The 

carbon atoms in the diamond unit cell 200 are bonded by SP3 bonds 220. In the 

practice of CVD diamond layer deposition, the resulting layer commonly contains a 

large fraction of diamond, but is not entirely diamond. A typical characterization of 

a diamond layer is a percentage of SP3 bonding within the layer. A 100% pure 

diamond film would contain 100% SP3 bonds. The heat spreading layer in the 

invention as deposited by CVD does not require 100% SP3 bonding to be effective. 

However, a lower percentage of SP3 bonding results in less effective thermal 
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conduction. In order to be effective, the heat conducting fihn must exhibit thermal 
conductivity that is greater than the semiconductor layer it is coupled to. 

Figures 7a and 7b show experimental data of a number of computationally 
intensive logic areas on a semiconductor processor chip. A first location is at 
10,S22, a second location is at 15,S22, and a third location is at 14,S15. While the 
results shown focus on a processor chip, other semiconductor chips could similarly 
benefit from the invention. Figure 7a shows a thermal map of a semiconductor 
processor chip without an integral heat spreading layer. The three computationally 
intensive logic areas show temperatures in the 100-1 10 degree Celsius range, and a 
very concentrated thermal gradient associated with these areas. In contrast, Figure 
7b shows the same area of a semiconductor processor chip coated with a 0.05mm 
layer of CVD diamond. The peak temperature is in the 90-100 degrees Celsius 
range, and the thermal gradient associated with the three computationally intensive 
logic areas is more spread out as evidenced by the larger 80-90 degree Celsius map 
region. 

Conclusion 

A semiconductor chip has been shown that more effectively transmits heat 
from hot areas on the die to cooler regions on the die, and eventually to the thermal 
interface material as a result of spreading the heat out over a larger cross sectional 
area. Local hot spots are minimized which allows the semiconductor chip to operate 
at a higher frequency for a given upper threshold temperature. 

It is to be understood that the above description is intended to be illustrative, 
and not restrictive. Many other embodiments will be apparent to those of skill in the 
art upon reviewing the above description. The scope of the invention should, 
therefore, be determined with reference to the appended claims, along with the full 
scope of equivalents to which such claims are entitled. 
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